ABSTRACT: Investigation of the electrochemical behavior using cyclic voltammetry and detection of [Mn 2+ (thiophenyl-2-carboxylic acid) 2 (triethanolamine)] with adsorptive stripping differential pulse voltammetry. The electrochemical behavior of a manganese(II) complex [Mn 2+ (thiophenyl-2-carboxylic acid) 2 (triethanolamine)] (A) was investigated using cyclic and differential pulse voltammetry in an acetate buffer of pH 4.6 at a carbon paste electrode. Further, an oxidation-reduction mechanism was proposed. Meanwhile, an adsorptive stripping differential pulse voltammetric method was developed for the determination of manganese(II) complex.
Introduction
Manganese is a key cofactor for a broad range of metalloenzymes, including oxidases and dehydrogenases, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) polymerases, kinases, decarboxylases, and sugar transferases. 1, 2 Its compounds are important in several biological systems involving an electron transfer reaction, such as reactions involving photosystem II (PSII) and supreoxide dismutase (SOD). 3, 4 A few manganese complexes have been reported to show antireactive oxygen species (ROS) activity, 5 while Mn(II) and Mn(III) complexes have shown promising results for DNA binding and cleavage activity. 6, 7 Reported Mn-SOD enzymes have a redox potential that is between the redox potentials corresponding to the reduction and oxidation of the superoxide radical (200-450 mV vs normal hydrogen electrode [NHE] ). 8 Therefore, the electrochemical properties of manganese compounds are in direct relation with some of the most significant biological procedures in nature and could be very helpful to clarify the mechanism of these procedures. Furthermore, manganese complexes could have toxic effects or therapeutical properties. This implies that it is necessary to develop sensitive, fast, cost-effective detection assays of manganese complexes.
Manganese complexes are mainly used as catalysts because they contain a central metal with variable oxidation states. 9, 10 However, manganese complexes with acyclic multidentate ligands are still very limited. 9 In analytical chemistry, they have been utilized as chemical modifiers of electrode surfaces for the electrochemical determination of analytes such as NO and peroxynitrite ions. 10, 11 In addition, manganese complexes have been used as hybridization indicators for determining infectious agents and for monitoring sequencespecific hybridization events. [12] [13] [14] Thiophenyl-2 saturated carboxylic acid is known for its anti-inflammatory activity and its ability to coordinate with a broad range of metallic ions and produce complexes with anti-inflammatory, SOD mimetic, and other actions. 15 Meanwhile, triethanolamine is a biologically relevant ligand with great coordinative ability and flexibility. 16 Triethanolamine is widely used in cosmetology, and it belongs to the group of tripodal ligands that have been studied for their biological application as complex models for the redoxidative reaction of metal proteins. However, only few manganese complexes containing thiophenyl-2 saturated carboxylic acid (HL) and triethanolamine (H 3 tea) have been reported in the literature. [15] [16] [17] [18] [19] Techniques such as cyclic voltammetry (CV) and differential pulse voltammetry (DPV) are widely used in order to understand the redox behavior of metal complexes. On the other hand, adsorptive stripping voltammetry (AdSV) is a stripping electroanalytical technique, 20 where the deposition of the analyte is accomplished by a physical or chemical interaction with the electrode surface. Once sufficient deposition of the analyte is achieved, the potential of the working electrode is swept to strip the analyte from the electrode surface, with the associated faradaic current being measured to quantitatively determine the analyte's concentration. Only a few studies exist in the literature, where manganese/ligand systems or manganese complexes were electroanalytically investigated. 21 Electrochemical investigation of manganese complexes, such as [Mn 2+ (thiophenyl-2-carboxylic acid) 2 
, is important because they may serve in the clarification of clinical results and as models for studying their role in biological systems. Metal complexes such as (A) can also be used as models to establish relationships between electrochemical and pharmacological properties. They can also be used to correlate the biological action of drugs and the behavior of chemical species with biochemical significance. Thus, this study describes the electrochemical behavior of this seven-coordinate and capped prismatic manganese(II) complex using CV and DPV. Therefore, this electrochemical investigation complements the existing information about the voltammetric behavior of analogous manganese complexes. Furthermore, a mechanistic scheme of oxidation and reduction of (A) is proposed, which could be useful in understanding the SOD mimetic action of manganese(II) ions and its compounds. Besides, AdSV is a fast and sensitive technique and has been employed in the analytical determination of (A) at a carbon paste electrode (CPE).
Methods
Materials and reagents. All reagents were of analytical grade and used as received. Dimethyl sulfoxide (DMSO) was obtained from Alfa Aesar. Graphite powder (50870, p.a. purity 99.9%, and particle size 0.1 mm) was purchased from Fluka. Manganese(II) complex ( Fig. 1 ) was prepared as previously reported. 7 Then, thiophenyl-2 carboxylic acid (HL) was dissolved in MeOH and NaOH was added. After 30 minutes of stirring, triethanolamine was added, and after 15 minutes of stirring, MnCl 2 ⋅4H 2 O dissolved in methanol was also added dropwise. The pale yellow mixture was slightly heated and stirred for additional 1 hour and then concentrated to half the volume. Colorless crystals of compound were obtained by slow evaporation after 2 days.
Instruments. Experiments were carried out using a μ Autolab potentiostat/galvanostat (Eco Chimie) and controlled by GPES 4.9.0005 Beta software. A platinum wire as a counter electrode and Ag/AgCl/3 mol L -1 KCl as a reference electrode were used. A CPE was used as a working electrode. The CPE was prepared by thoroughly mixing by hand adequate amounts of graphite powder and paraffin oil in 75/25 mass ratio. A portion of the resulting mixture was packed into the bottom of a polytetrafluoroethelene (PTFE) sleeve. The surface was manually polished to a smooth finish on a piece of weighing paper before use. All the experiments were performed at room temperature.
Stock solution preparation. Stock solutions of (A) were prepared in DMSO. The solutions were further diluted in the appropriate buffer as per requirement.
Procedure for the electrochemical study of (A). Suitable amounts of the stock solution of (A) were added to the electrochemical cell containing 0.1 mol L -1 acetate buffer at pH 4.6 and 0.1 mol L -1 KCl, and measurements were performed using CV, and DPV.
Procedure for the electrochemical detection of (A). A freshly smoothed CPE surface was immersed into 0.1 mol L -1 acetate buffer at pH 4.6 containing 0.02 mol L -1 KCl and the appropriate amount of (A) and conditioned at -1.5 V for anodic and +1.0 V for cathodic scan for 8 and 3 seconds, respectively. Then, a deposition potential of -1.2 V for anodic and +1.0 V for cathodic scan was applied for 90 and 180 seconds, respectively. Finally, the signal transduction was accomplished using DPV after an equilibration time of 10 seconds. The instrumental conditions for anodic scan were initial potential = +0.0 V, end potential = +1.2 V, modulation time = 0.07 second, interval time = 0.6 second, step potential = 0.003 V s , and modulation amplitude = +0.1 V. The raw data were treated using the Savitzky and Golay filter (level 2) of the GPES software, followed by the GPES software moving average baseline correction using a peak width of 0.06.
Results and Discussion
Effect of mass concentration of (A) and scan rate on CV. Figure 2 describes the effect of mass concentration of (A) at 1 mV s -1 . As shown in the figure, an anodic peak (peak 1, Fig. 2A and B) and a cathodic peak (peaks 2 and 3, Fig. 2A and B, respectively) were observed as the mass concentration of (A) was varied from 10 to 200 mg L -1 . It must be stressed that in Figure 2B , two anodic peaks (peaks 1 and 2, Fig. 2B ) and a cathodic peak (peak 3, Fig. 2B ) were observed, when the mass concentration of (A) was varied from 400 to 600 mg L -1 . On the other hand, from 400 to 1,200 mg L -1 of (A), two anodic peaks (peaks 1 and 2, Fig. 2C ) and a cathodic peak (peak 3, Fig. 2C ) were observed. The peak potential of the anodic peaks (peaks 1 and 2, Fig. 2 ) shifted negatively as the mass concentration of (A) was increased. It must be noted that the cathodic peak potential (peaks 2 and 3, Fig. 2 ) moved to more negative values up to 1,000 mg L -1 of (A), after which the values shifted positively (peak 3, Fig. 2C ). The peak potentials of oxidation and reduction peaks at different mass concentrations of (A) are given in Table 1 .
Further, Figure 3 illustrates the typical cyclic voltammograms obtained for different mass concentrations of (A) at 10 mV s -1 . As shown in the figure, an anodic peak (peak 1, Fig. 3A ) was present as the mass concentration of (A) ranged from 40 to 400 mg L -1 . In addition, a cathodic peak (peak 2, Fig. 3A ) was observed when the mass concentration of (A) ranged from 30 to 400 mg L -1 . The peak potential of the anodic peak (peak 1, Fig. 3A ) was moved toward more negative values as the mass concentration of (A) varied from 40 to 400 mg L -1 , while the peak potential of the cathodic peak (peak 2, Fig. 3A ) shifted negatively as the mass concentration of (A) was increased from 30 to 400 mg L -1 . On the other hand, in Figure 3B , two anodic peaks (peaks 1 and 2, Fig. 3B ) were obvious, when the mass concentration of (A) ranged from 600 to 1,200 mg L -1 . It is interesting to note that at 800 mg L -1 of (A), only one oxidation peak was present (peak 2, Fig. 3B ). A cathodic peak was also observed in Figure 3B , when the mass concentration of (A) ranged from 600 to 1,200 mg L -1 . The peak potential of the anodic peaks 1 and 2 ( Fig. 3B ) shifted positively up to 1,000 mg L -1 , after which the values moved to more negative values. The peak potential of cathodic peak 3 ( Fig. 3B ) shifted negatively from 600 to 800 mg L -1 and positively from 800 to 1,200 mg L -1 . The peak potentials of oxidation and reduction peaks at different mass concentrations of (A) are given in Table 1 .
The cyclic voltammograms of varying mass concentrations of (A) at 100 mV s -1 are depicted in Figure 4 . As shown in the figure, an anodic peak (peak 1, Fig. 4A ) was observed as the mass concentration of (A) ranged from 100 to 400 mg L -1 , while a cathodic peak (peak 2, Fig. 4A ) was present when the mass concentration of (A) ranged from 10 to 400 mg L -1 . The peak potential of the anodic peak (peak 1, (Fig. 4A) . On the other hand, in Figure 4B , one anodic peak (peak 2, Fig. 4B ) was obvious, when the mass concentration of (A) was equal to 600 mg L -1 . Two anodic peaks were observed at 800 mg L -1 (peaks 1 , and (C) (1) 400, (2) 600, (3) 1,000, and (4) and 2, Fig. 4B ). At 1,000 mg L -1 also, one anodic peak was found (peak 2, Fig. 4B ), while at 1,200 mg L -1 , two anodic peaks appeared again (peaks 1 and 2, Fig. 4B ). Furthermore, a cathodic peak was observed in Figure 4B , when the mass concentration of (A) ranged from 400 to 1,200 mg L -1 . The peak potential of the anodic peak 1 (peak 1, Fig. 4B ) shifted negatively in the entire range of mass concentration of (A). Further, the peak potential of anodic peak 2 (peak 2, Fig. 4B ) moved negatively from 600 to 800 mg L -1 and positively from 800 to 1,000 mg L -1 . At higher mass concentration values, the peak potential of anodic peak 2 (Fig. 4B ) moved to more negative values again. The cathodic peak potential moved negatively from 400 to 800 mg L -1 and positively from 800 to 1,000 mg L -1 (Fig. 4B ). Above 1,000 mg L -1 , the cathodic peak potential moved to more negative values.
In addition, the absence of a second cathodic peak on the cyclic voltmmograms (Figs. 2-4) indicates the presence of at least one chemical reaction step in the electrochemical procedure. The anodic and cathodic peak current heights were different, which is typical of a nonreversible electrochemical reaction. A crossover appeared, which is typical of the formation of a new phase involving a nucleation process and growth ( Figs. 2A and B, 3A , and 4A). 22, 23 The anodic peak current increased as the mass concentration of (A) was increased up to 1,000 mg L -1 at 1 and 10 mV s -1 (Figs. 2 and 3 ). The anodic peak 1 (Figs. 2 and 3 ) became rounder as the scan rate was raised from 1 to 10 mV s -1 . It was mentioned that when the mass concentration of (A) was higher than 600 mg L -1 and at scan rates 10 and 100 mV s -1 , two anodic peaks (peaks 1 and 2, Figs. 2B and C, 3B, and 4B) and one cathodic peak (peak 3, Figs. 2B and C, 3B, and 4B) appeared in the cyclic voltammograms at the entire range of the studied scan rates. It must be stressed that at a scan rate of 1 mV s -1 , two anodic peaks were observed when the mass concentration of (A) was higher than 400 mg L -1 ( Fig. 2B and C) . This means that the oxidation of (A) occurred in two steps. Therefore, (A) is oxidized to a Mn 3+ compound (peak 2 in Figs. 2-4) , and some of the active electrode surface may still be active for the oxidation of the central ion Mn 2+ to Mn 3+ (peak 1 in Figs. 2-4 ).
21,24-30
At 100 mV s -1 , the peak current height of peak 1 (Fig. 4A ) was increased up to 100 mg L -1 . At further incensement of the mass concentration of (A), peak 1 (Fig. 4A ) became less pronounced and peak 2 (Fig. 4B) appeared at a mass concentration higher than 600 mg L -1 . These observations may be explained by the less time required for the chemical reaction to occur, producing an insulating intermediate or the steric effect of the ligands that deactivate the electrode again. 22, 31, 32 The reduction peak became rounder when the scan rate and mass concentration were increased (Figs. 2-4) . The intensity of the peak current increased at all of the studied scan rates (Figs. 2-4) . This means that the reduction of the oxidized product of (A), most probably, to a Mn 2+ compound proceeded through a Mn 3+ intermediate. . (experimental and voltammetric conditions as described in Fig. 2 ). . (experimental and voltammetric conditions as described in Fig. 2 ).
The overpotential for the reduction of Mn 3+ species to Mn 2+ species decreased, owing to the larger quantities of Mn 3+ species that are formed and the steric effect of the ligands that deactivated the CPE's surface. 22 It was found that from 10 to 40 mg L -1 , the anodic current of peak 1 decreased linearly with the square root of the scan rate (data are not shown), suggesting that the oxidation was diffusion controlled. From 200 to 1,200 mg L -1 , the anodic current of peak 2 was linearly increased with the square root of the scan rate from 1 to 20 mV s -1 , while for higher scan rates, it was linearly decreased, which is also indicative of a diffusion-controlled process (data are not shown). The cathodic peak current was linearly decreased with the square root of the scan rate from 50 to 600 mg L -1 , which is indicative of quasireversible reactions, while for higher mass concentrations, it linearly increased (data are not shown).
The current of peak 1 was linearly decreased with the scan rate of up to 1,000 mg L , while for higher scan rates, the dependence was not linear (data are not shown). The current of peak 2 was linearly increased with the scan rate from 1 to 20 mV s -1 , but for higher scan rates, it linearly decreased (data are not shown). The cathodic peak current linearly increased from 50 to 600 mg L -1 and then linearly decreased when the scan rate was increased (data are not shown). These facts are indicative of adsorption. 32 The peak potential of all the peaks was directly proportional to the logarithm of scan rate in all of the studied mass concentrations (data are not shown). From the slope of this diagram, the electron transfer coefficient was calculated (Table 1) . Generally, the electron transfer coefficient of anodic peaks 1 and 2 was decreased as the mass concentration of (A) was increased. On the other hand, it increased with increasing the mass concentration of (A) up to its maximum value at 200 mg L -1 and then decreased for the cathodic peak. It was found that the current function I p /γυ 1/2 of all peaks decreased, when the scan rate was increased in the studied range of mass concentration (data are not shown), which is a further indication of the participation of adsorption in the oxidation and reduction. 33 Moreover, the linear shape of I p /γ vs γ graph of all peaks at low mass concentrations is consistent with the presence of adsorption in the oxidation and reduction (data are not shown). 33 The Laviron's equation was used to estimate the standard rate constant (k s ) values (Table 1) . 34 From Table 1 , it is obvious that k s was increased up to 600 mg L -1 for anodic peak 1, after which it decreased, while for anodic peak 2 and cathodic peak, it remained almost constant. Generally, large values of k s indicate the high ability of (A) for promoting electron transfer at the electrode surface. This ability is higher for oxidation peaks and increased as the mass concentration of (A) was increased.
Effect of the buffer pH on CV. Two levels of mass concentration of (A) were investigated, ie, 50 and 600 mg L -1 . There was an absence of peaks at both mass concentrations when the pH was lower than 3.8, probably due to the production of a compound with Mn 3+ species or to the incomplete precipitation of MnO 2 . 24 These species are unstable in acidic media and could be reduced to Mn 2+ species. Therefore, oxidation and reduction peak currents were largely reduced.
One anodic and a cathodic ( Fig. 5A ) peak appeared at 50 mg L -1 , when the pH ranged from 3.8 to 5.8. At pH 5.6 and 5.8, the anodic peak split into two peaks, when the mass concentration was 50 mg L -1 (Fig. 5A ). This split could be related to the adsorption of the oxidized (A) on CPE and even to traces of water content. 31 Two anodic peaks (Fig. 5B) were observed at 600 mg L -1 at the same pH range. The anodic peak at 50 mg L -1 and the second anodic peak at 600 mg L -1 could be assigned to the oxidation of (A) to a Mn 4+ compound. 21, [24] [25] [26] [27] [28] [29] [30] The first anodic peak at 600 mg L -1 could correspond to the oxidation of (A) to a Mn 3+ compound. 21, [24] [25] [26] [27] [28] [29] [30] Moreover, the cathodic peak ( Fig. 5A and B 35, 36 At 600 mg L -1 , one anodic peak (Fig. 5C ) was evident, when the pH ranged from 6.0 to 10.0. The magnitude of this peak potential was close to that of H 3 tea. 35 At pH higher than 10.0 at both mass concentrations, the decrease in the oxidation and reduction peak current, as well as the brown color of the solution, was probably due to the increasingly competitive production of Mn(OH) 4 .
The peak potential of anodic and cathodic peaks was found to be linearly proportional to pH at both mass concentrations. At 50 mg L -1 , the obtained slope for the oxidation peak was calculated to be -184.6 ± 2.01 mV/pH, which is close to the theoretically predicted value from the Nernst equation (177.5 mV/pH) for a six-proton and two-electron reaction. At 600 mg L -1 , the slopes obtained for the first and second anodic peaks were found to be -175.6 ± 2.13 mV/pH and -177.6 ± 3.61 mV/pH, respectively, which are close to the theoretical value (177.5 mV/pH) for a three-proton and one-electron reaction. The experimental values of the slope at 50 and 600 mg L -1 for the reduction peak were found to be -116.4 ± 0.89 mV/pH and -112.3 ± 2.26 mV/pH, respectively. These values are close to the theoretical value (118.4 mV/pH) for a four-proton and two-electron reaction. In the case of the oxidation peak at pH values higher than 6.0, the slope was calculated to be equal to 26.80 ± 1.42 mV/pH, which is favorably close to that of H 3 tea.
35
Proposed oxidation-reduction mechanism. The following electron electron chemical (EEC) mechanism is envisaged for the anodic deposition of (A) 26 : First, (A) is diffused from the bulk solution to the CPE's surface according to
Subsequently, at lower concentration of (A), the [Mn 2+ (L) 2 (H 3 tea)] surf is oxidized according to Equation 2, Figures 2A and B, 3A , and 4A. 
On the other hand, the [Mn 3+ (L) 2 
The produced above mentioned adsorbed on CPE's surface hydroxyl radical (Equation 3) was subsequently reacted with [Mn Fig. 2A and B and peaks 1 and 2 in Fig. 4A ) . 
Meanwhile, [Mn 4+ (L) 2 (Htea)] ads is hydrolyzed according to Equation 6 , Figures 2A and B, 3A , and 4A. 
Alternatively, the oxidation of (A) could also follow Equations 1 and 2, but [Mn 3+ (L) 2 (H 3 tea)]
+ ads could be hydrolyzed, and thus the oxidation could be proceeded accordingly to the following ECE mechanism (Equations 7 and 8), Figures 2A and B, 3A , and 4A 22, 28, 29 : , and number of scans = 3).
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This means that at low mass concentrations, the diffusion of (A) At high mass concentration (Figs. 2C, 3B , and 4B), it is more likely that the oxidation proceeded according to Equations 1, 2, 7, and 8 because protons and electrons that participated to these equations fulfill the experimental ones. Thus, the first oxidation peak is attributed to Equations 1, 2, and 7 and the second oxidation peak to Equation 8 (Figs. 2C, 3B , and 4B). At low scan rates, the nucleation of
4-also took place according to Equations 9 and 10 ( Fig. 2C) .
The reverse process in scanning the potential in a negative direction is ECE mechanism (Equations 11-13) (Figs. 2-4) , assuming perfect stoichiometry of the MnO 2 unity:
[Mn 3+ (L) 2 (Htea)]
In fact, there are several different crystalline forms of the MnO 2 unity, which could influence the ease of reductive dissolution. 26, 29, 30, 37 
Electrochemical detection of (A). Figure 6 shows the differential pulse voltammograms that correspond to the oxidation of (A) at different mass concentrations of (A). The oxidation signal 1 (Fig. 6) . On the other hand, signal 3 ( Fig. 6 ) corresponds to the oxidation of H 3 tea. It should be stressed that peak 3 (Fig. 6 ) appeared in a narrow range of mass concentration of (A), and thus the subsequent investigation was focused on peaks 1 and 2 (Fig. 6) . Figure 7 shows the differential pulse voltammograms that correspond to the reduction of (A) at different mass concentrations of (A). The reduction signal refers to the reduction of accu- (Fig. 7) . Calibration curves (inset of Figs. 6 and 7) were plotted under selected conditions (Table 2) , and the analytical features are given in Table 2 . The limits of detection and limits of quantification were calculated to be 3 × s b /a and 10 × s b /a, respectively, where s b and a are the standard deviation of the intercept and the slope of the calibration plot, respectively. 38 Thus, the results of the proposed electrochemical determination assay of (A) have shown promising results for the indirect Mn detection in real samples.
There is always the possibility of interference of other ionic metallic species to the detection of (A) and therefore Figure 6 . DPVs under selected conditions at different mass concentrations of (A). inset related calibration graph: (1) peak at 0.880 V and (2) peak at 0.638 V (experimental conditions were as described in methods section).
be removed by complexation of Fe 2+ ions with fluoride. 39 On the other hand, Filipe et al determined that Cd 2+ , Cr 6+ , and Zn 2+ do not interfere in manganese detection at carbon film electrodes even when present in a 109-fold excess. 23 Furthermore, they found that Ni 2+ and Cu 2+ lower the peak height if the concentration is 109-fold excess. They also discovered that Pb 2+ in concentrations equal to that of manganese does not interfere. 23 Finally, they also found that Fe 2+ in equimolar amounts affects the determination of manganese ions.
23
Conclusions
The oxidation and reduction mechanism of (A) was proposed based on CV data. It involves diffusion of (A) to the CPE's surface and its subsequent oxidation to Mn 3+ intermediate species. It was found that at low mass concentration of (A), these Mn 3+ species either dissociated disproportionately or hydrolyzed. In Figure 7 . DPVs under selected conditions at different mass concentrations of (A). inset related calibration graph of reduction peak (experimental conditions were as described in methods section). had no measurable effect upon response to manganese at boron-doped diamond electrode, even when present at concentrations exceeding 100-fold that of manganese. 39 They also discovered that the presence of Hg 2+ in solution at levels at least 50-fold those of manganese also had no effect. 39 The same technique was tolerant to nearly a fivefold excess over manganese of A1 3+ . 39 This group also found that the presence of Fe 2+ in solution in amounts equal to that of manganese was sufficient to disrupt the analysis. However, this problem could be easily overcome by oxidizing Fe 2+ to Fe 3+ electrolytically, by driving the potential of the working electrode anodically prior to analysis. 39 The problem of Fe 2+ interference could also .
